The authors have previously performed numerous experiments on the machining of insulating materials using the assisting electrode method. However, the machining performance was inferior to that of the electrically conductive materials. To overcome this inferiority, for this research, an ultrasonic vibration system was combined with electrical discharge machining (USEDM) and applied with the assisting electrode method. Rotational machining was also added. A cylindrical copper tungsten bar was used as the electrode material for machining the sintered Si 3 N 4 insulating ceramic. The effects of the electrode polarities, the effects of the amplitude on machining performance, the generation of a conductive layer and the discharge waveforms were investigated. The results were then compared to the conventional electrical discharge machining (normal EDM). The finishing process was performed by combining the ultrasonic vibration and various abrasive suspensions to remove the conductive layers and the craters. The results show that the material removal rate improved by a factor of approximately two over the normal EDM, and the surface roughness increased when the ultrasonic vibration was applied. The conductive layers and the craters were removed by the ultrasonic vibration using an abrasive (US+abrasive) method. The surface roughness of the workpiece was greatly improved by using the proposed method.
Introduction
The demand for hole drilling in hard and brittle materials is increasing in many applications. Electrical discharge machining (EDM) has a great advantage for machining workpieces regardless of the material strength or hardness. However, the machining efficiency of EDM is low in comparison to traditional machining processes. Ultrasonic machining (USM) is another technique for machining holes in hard and brittle materials. Similarly, the material removal rate is extremely low. As a result, both the EDM and USM have lower material removal rates (MRR) and higher tool wear ratios (TWR) than traditional machining processes.
It is necessary to develop a technique that overcomes the above-mentioned disadvantages. An ultrasonic vibration applied to the electrode is one of the methods that is used to expand the application of the EDM. The initial feasibility studied on the combined EDM and ultrasonic system for drilling a small hole in an electrical conductive workpiece was conducted in 1991. 1) After the initial study, several attempts were made to investigate the machining performance of the EDM combined ultrasonic vibration. [2] [3] [4] [5] [6] [7] [8] [9] Those studies have confirmed that this technique was effective in obtaining a high material removal rate and that the surface roughness increased with an increase in the voltage, amplitude and discharge current.
Insulating ceramics have excellent functional properties such as a high mechanical strength, wear resistance, corrosion resistance and high temperature resistance. The ceramics have been widely used in the engineering industries, especially in cutting tools and die manufacturing, and have an expected high growth rate for application in the future. Due to these excellent properties, the ceramics prove to be difficult for machining by ordinary mechanical methods. Recently, the EDM has been successfully used to machine insulating ceramics. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The insulating material could be machined to any shape by using an electro-conductive product formed to promote electric discharge between the insulating material and the electrode. The electro-conductive materials adhered to the surface of the insulation ceramics in the form of a mesh or plate to generate an electrical discharge between the electrode and the insulating ceramics. This method is called the assisting electrode method (AE). 10, 12) Several researchers have conducted experimental studies on the machining of insulating materials using the assisting electrode method. However, the machining properties were inferior to the methods of the electrically conductive materials. To overcome this inferiority, for this research, an ultrasonic vibration system was combined with an EDM and applied with the assisting electrode method. Although some papers from the reviews used the EDM combined ultrasonic vibration, there have been no reports regarding the use of the EDM combined ultrasonic vibration to machine an insulating ceramic with the assisting electrode.
The goal of this work is to investigate the effects of ultrasonic vibration on the adhesiveness of the electrically conductive products on the surface of the insulating ceramic. The machining performance characteristics including the MRR, the TWR and the surface roughness (Ra) were investigated. The data gathered from this study will be useful to machine the insulating ceramics by using the EDM combined ultrasonic. Figure 1 shows a schematic of the experimental apparatus. A 59 kHz ultrasonic pulse generator was connected to a transducer that was fastened to the EDM spindle. The ultrasonic frequency and the amplitude were measured by a laser machine (Ono Sokki laser vibrometer LV). The discharge waveforms were observed by using a current monitor and were recorded on digital oscilloscope. The wave * Graduate Student, Nagaoka University of Technology station EDM software that was developed privately by our research group was used to analyze the generation behavior of the discharge waveforms.
Experimental Setup
A sintered Si 3 N 4 insulating ceramic was used as the workpiece. An electrical conductive layer was attached to the surface of the workpiece as an assisting electrode. A cylindrical copper tungsten (Cu-W) bar of ¼ 3 mm was used as the tool electrode because its wear rate is lower than that of the other materials. The electrode length was selected to be 47 mm for the high frequency to match the resonance of the vibration system. After several preliminary tests were performed, the suitable machining conditions were selected to obtain a stable condition. Table 1 presents the machining conditions of the experiments. The machining performance was evaluated from the MRR, TWR and surface roughness.
Results and Discussion
3.1 Effects of the electrode vibration on the adhesive of the conductive layer From many trials during the preliminary experiments, a problem was encountered when initially applying the ultrasonic vibration machining the Si 3 N 4 on the transition stage. 11) It assumed that the electrode vibration might disturb the deposit of the conductive product. These experiments attempted to investigate the effects of the electrode vibration on the adhesion of a conductive product on the surface of the Si 3 N 4 insulating ceramic. For these experiments, the EDM combined ultrasonic vibration (referred to as the USEDM) was investigated and the results were compared to a normal EDM. Figure 2 shows the transition characteristics of the normal EDM and USEDM. The displacement of the electrodes continued to descend until they reached Point A for USEDM and point B for normal EDM then started to retract. Point A and B indicates the initial process of creating the electrically conductive products on the surface of the workpiece, which is called the transition state.
11) The phenomenon occurred when the tool electrode reached the boundary between the assisting electrode (AE) and the ceramic. The machining did not continue for a time period that corresponded to the expansion of the electrical conductive products. The continued time of the transition state is called the transition time.
Prior to the transition time, the inclined curve of the USEDM is steeper than that of the normal EDM. This indicates that the electrode vibration during the discharge process assisted in expelling the debris out of the discharge gap and caused the machining rate to increase. For this phenomenon, the conductive products were also ejected out of the discharge gap along with the debris. The discharge waveforms could not be observed at Point A of the USEDM in Fig. 2 , but are contrary with Point B of the normal EDM. The depth of Point A is about 40 mm, which correlates to the thickness of the assisting electrode. This indicated that the process of creating an electrically conductive product on the transition state was interrupted by the electrode vibration.
With the continued use of ultrasonic vibration, the electrode continued to move downward until it reached the setting depth without machining and the electrode bent as in Fig. 3 of the USEDM (Continued vibration). This indicated that, in the transition stage, the electrode vibration must be stop at the transition zone as in Fig. 2 . The normal EDM should apply instead of USEDM for making the conductive products to adhere on the workpiece surface. This result indicates that the ultrasonic vibration should be applied after the transition zone. After passing the transition zone, the displacement increased rapidly in each condition. In particular, the highest and smoothest curves were detected on the USEDM. This phenomenon could be found in each of the variation conditions such as the current, pulse duration and ultrasonic amplitude when the ultrasonic vibration was applied with the assisting electrode. Further analysis of the workpiece cross section of Point A of the USEDM and point B of normal EDM from Fig. 2 is shown in Fig. 4 . Figure 4 shows the cross section of the hole prior to the transition time (at Point A and B in Fig. 2 ) that was estimated by using a laser scanning optical microscope. The surface of the normal EDM was mostly covered with the conductive products, but only a few conductive products were observed on the USEDM.
This confirms that the electrode vibration affected the adhesion behavior of the products on the workpiece surface before the transition time, as shown in Fig. 2 at Point A of the USEDM. At this point, the electrode vibration must be stopped until the transition time finishes, after which the electrically conductive products are already adhered to the workpiece. After the electrically conductive products adhered to the workpiece, the electrode vibration contributed to the improvement of the machining performance again. The result indicated that the normal EDM should be applied first until the transition time is passed, and then the electrode vibration may be added after the conductive products are already adhered.
Effects of the vibration on the machining efficiencies
The effects of the electrode polarity and the ultrasonic amplitude on the machining performance were investigated with the discharge waveform analysis and the observation of the normal EDM surface conditions for the workpiece. 3.2.1 Effects of the electrode polarity on the machining performance The effects of the electrode polarities on the machining performance were investigated by using a Cu-W electrode and comparing the results of the EDM to the USEDM. The MRR and TWR between the electrode's negative and positive polarities were evaluated. Figure 5 shows the relationship between the MRR and TWR electrode polarities on the EDM and USEDM. Ultrasonic amplitude of 3.5 mm was used for this experiment. A positive polarity could not be used in the EDM due to an instability because the conductive products did not adhere strongly enough to the surface of the workpiece. 18) On the contrary, the most important discovery from the observation of these experiments was that instability occurred due to a short circuit of the debris bridge or the trapping of debris between the electrode and workpiece. If a short circuit occurred due to a bridging of the gap space by debris, the subsequent discharge current worked to retain the debris bridge by the pinch effect. 20) This phenomenon resisted the generation of conductive products. The debris bridge from the EDM of positive polarity is shown in Fig. 6 .
For the case of the USEDM, the machining could be performed on the positive polarity, but the MRR became Effects
lower than the negative polarity. The USEDM assumed that the debris bridge could be broken by the ultrasonic vibration, which reduced the opportunity of a short circuit occurring. The conductive products could be generated when the short circuit was reduced. The machining could continue but instability would still cause a low MRR. The highest MRR was obtained from the USEDM with a negative polarity. The MRR of the USEDM was about two times higher than that of the normal EDM. This indicated that the negative polarity had an advantage over the positive polarity. The TWR of the negative polarity in the USEDM was superior to the other conditions even though the highest value of MRR was obtained.
In general, the TWR is inversely proportional to the MRR, except in the cases of a positive polarity of the USEDM in which the TWR and MRR were low. The reason for this phenomenon is that the amount of carbon accretions onto the electrode positive polarity was larger than that of the negative polarity. The carbon protected the electrode from being consumed by wear.
21) The experimental results indicate that the negative polarity had an advantage over the positive polarity. Each of the experiments in the next section was performed by using the electrode negative polarity.
To investigate the difference in the discharge conditions for each of the machining methods, the discharge waveforms were analyzed with the analysis system. As previously reported, in the normal EDM process for insulating ceramics, the discharge waveforms were divided into three patterns. 18) The first pattern was a normal discharge that followed the setup values. The second pattern was a long pulse in which the discharge duration was much longer than the setup values.
This waveform was assumed to occur for the normal EDM of a material with a high electrical resistance. Additionally, it was assumed that the generation of a long pulse corresponded to the production of carbon components that were created from the dissolution of the working oil.
12) The other waveforms are a concentrate and a short circuit, which are called abnormal waveforms. They are observed frequently in the machining process of insulating ceramics. The MRR was primarily accomplished by a normal discharge. Figure 7 shows the number of discharges on the normal EDM and USEDM with the negative polarity from Fig. 5 . For each analysis, the measurement was performed within a period of 50 ms. The proportion of normal discharges at the USEDM was much higher than that of the normal EDM (about two times). This demonstrated that the electrode vibration changed the atmosphere of the gap discharges of the sealed hole. The proportions of the normal discharge number are consistent with the results of the MRR of USEDM minus the polarity in Fig. 5 . Considering the long pulse, the USEDM had a higher long pulse than the normal EDM. Because the electrode vibration disturbed the generation of the conductive products, the USEDM required a long pulse to generate a conductive product higher than the normal EDM. Figure 8 shows the results of the MRR and TWR from the amplitudes. Amplitudes of 2.7, 3.5, 4.9 and 6.2 mm were tested. The MRR increased and the TWR decreased when the amplitudes increased from 2.7 mm to 3.5 mm. The MRR and TWR reversed when the amplitudes increased beyond 3.5 mm. The highest MRR and the lowest TWR were obtained at an amplitude of 3.5 mm. The discharge waveforms of the process are shown and analyzed in Fig. 9 .
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Effects of the ultrasonic amplitude on the machining efficiencies
The number of normal discharges increased, and the number of abnormal discharge decreased when the amplitude increased from 2.7 mm to 3.5 mm. The number of normal discharges and abnormal discharges reversed when the amplitudes increased beyond 3.5 mm. The long pulse discharges did not vary much with the amplitudes. The results of discharge waveforms correlated with the results of the MRR and TWR as shown in Fig. 8 . To further analyze this phenomenon, the conductive layers were observed. Figure 10 shows the relation between the amplitude and the thickness of conductive layer. The thickness of conductive layer increased when the amplitude was increased from 2.7 mm to 3.5 mm. When the amplitudes were increased beyond 3.5 mm, the thickness values decreased. The results of thickness of conductive layer correlated to the results of MRR in Fig. 8 . The results revealed that when small amplitude was applied, this force was not enough to reject the debris from the gap which caused the high abnormal discharges occurring as the result of discharge waveforms in Fig. 9 .
The high abnormal discharge interfered in the generation of conductive layer. In case of applied the large amplitudes, the effect of high force ejected the conductive products along with debris from the gap. The deposition of conductive products on the surface of insulating ceramic became very difficult. Under the small amount of conductive product deposition on the surface, the machining, became unstable and led to low MRR. The thin conductive layers caused the number of concentration increasing.
Effect of EDM on microstructure
In general, processing characteristics of ceramics are dependent on their own microstructure. It is considered that EDM machining properties are also affected by many factors of microstructure. If the influence takes place in working area, the area should be comparable in size to the grain size. Figure 11 shows the image of the actual crater on the working area at one impulse discharge. The crater was observed on the surface of the insulating ceramics Si 3 N 4 using a laser microscope investigation. It has one hundred micrometers in diameter and tens of micrometers in depth. It found that the scale of EDM removal is much larger than that of microstructure, and the removal behavior should be considered as a large-scale dissociation. The EDM removal rate and machining accuracy are related to the melting point or thermal conductivity of workpiece, and it is well known that EDM machining is available the various substances independent of their mechanical properties such as strength or hardness. Therefore, the microstructure of insulating materials has only a limited effect for the EDM machining properties.
Polishing the EDM Surface by Ultrasonic Vibration with Abrasive
As the electrically conductive products adhered to the EDM surface of Si 3 N 4 , they must be removed from the surface of the workpiece to obtain a precise shape and size. The removal is usually accomplished by shot peening, Fig. 9 Discharge waveform distribution at respective amplitudes. Fig. 10 The SEM observation images of conductive layers at amplitudes of (a) 2.7 mm, (b) 3.5 mm, (c) 4.9 mm and (d) 6.2 mm, respectively.
Effects of the Edm Combined Ultrasonic Vibration on the Machining Properties of Si 3 N 4polishing and grinding. However, the mechanical and thermo-mechanical damage cannot be removed from the machined surface completely by using the shot peening method. Therefore, the grinding method is typically used for removing the damaged surface. However, a complex shape may cause difficulties for the grinding method. This experiment attempted to remove the conductive layer and the craters and to improve the surface roughness by using a combination of the ultrasonic vibration with abrasive. Figure 12 shows a schematic of the experiment. The polishing process was performed on the EDM machine after completing the EDM process. The equipment is the same as in the EDM process. Table 2 shows the polishing conditions. Ultrasonic amplitudes of 2.7, 3.5, 4.9 and 6.2 mm were used in the experiments. The SiC and diamond with various grain sizes were used as the abrasive. The abrasive suspension was placed on the EDM surface. After the EDM process, the polishing was performed using the same Cu-W tool electrode. Figure 13 presents the detail of the gap setting between the workpiece and the electrode. The gap distance between the electrode and the workpiece surface was set as the following: Gap = Amplitude + average of the abrasive grain size. Figure 14 shows the effects of the amplitudes on the polishing process. Amplitudes of 2.7, 3.5, 4.9 and 6.2 mm were tested using the same process time of 15 minutes. An SiC abrasive grain size of 44 mm was used. The results indicate that the smallest value of Ra was obtained when the largest amplitude of 6.2 mm was applied. An amplitude of 6.2 mm was used in the following experiment due to its good performance.
To obtain a fine surface and various grain sizes of SiC 44 mm, diamond grains of 15, 6 and 1 mm were selected. The process started with the SiC 44 mm followed by a diamond grain size 15, 6 and 1 mm. The process time and the surface roughness are shown in Fig. 15 . The results indicate that the Fig. 11 The measurement of EDM discharge crater size and depth using a laser microscope, (a) the actual image, (b) the 3D image display and (c) the crater depth profile on the line in the figure. surface roughness improved when the proposed method was applied. Figure 16 shows the surface roughness values of the normal EDM, USEDM and the ultrasonic vibration with the abrasives (US+abrasive). The laser scanning optical microscope was used to measure the surface roughness of the workpiece. Shot peening was applied to the surface of the normal EDM and the USEDM to remove the conductive layer before measuring the surface roughness. Polishing using the US with the abrasive was conducted after the normal EDM process but before measuring the surface roughness.
The results show that the surface of the USEDM was rougher than that of the normal EDM. It was assumed that the ultrasonic vibration action of the electrode accelerated the generation number of the normal discharge and resulted in a large molten removal volume. Therefore, the Ra value of the USEDM was inferior to the normal EDM. This result confirms the claims that were made in previous studies.
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If the EDM surface was polished by using the proposed method, then the Ra value improved greatly.
The laser scanning microscope detailed the EDM surface profiles. Figure 17(a) shows the surface roughness of the normal EDM surface before the shot peening. The surface was covered by a conductive layer from the EDM process. After the shot peening treatment, many boundary craters were observed as shown in Fig. 17(b) . Figure 17(c) shows the surface profile after the US with the abrasive polishing treatment. Not all of the conductive layers and craters were observed, and the surface roughness was greatly improved.
Summary
The effects of the EDM combined with the ultrasonic vibration for machining Si 3 N 4 were investigated. The results are summarized as follows:
(1) The ultrasonic vibration affected the adhesive behavior of the conductive products on the surface of the Si 3 N 4 prior to the transition time. The results indicate that the ultrasonic vibration should be applied after the transition time has passed. (2) The ultrasonic amplitudes interfered with the generation of a conductive layer. The large amplitude values did not always improve the MRR. The thickness of the conductive layer was related to the machining efficiencies. (3) Using the electrode polarity that was negative, a better machining performance was obtained for each of the conditions. However, a better electrode wear ratio was obtained from the USEDM that used positive polarity than with other conditions. (4) The MRR of the USEDM was about two times higher than that for the normal EDM. The discharge waveforms correlated with the MRR. (5) The surface roughness increased when the ultrasonic vibration was applied. (6) The conductive layers and the craters were removed by the US with the abrasive method and the surface roughness was greatly improved. The transition curve of surface roughness with respective polishing processes. Fig. 16 Comparison of the surface roughness on the normal EDM, the USEDM and the US with the abrasives.
